Mass spectra were recorded for ͑2+n͒ resonance enhanced multiphoton ionization ͑REMPI͒ of HCl as a function of resonance excitation energy in the 81 710-82 870 cm −1 region to obtain two-dimensional REMPI data. Small but significant fragmentations and H + , Cl + , as well as HCl + formations are found to occur after resonance excitations to the triplet Rydberg states f 3 ⌬ 2 ͑vЈ =0͒, f 3 ⌬ 1 ͑vЈ =0͒, and g 3 ⌺ + ͑1͒͑vЈ =0͒. Whereas insignificant rotational line shifts could be observed, alterations in relative ion signal intensities, due to perturbations, clearly could be seen, making such data ideal for detecting and analyzing weak state interactions. Model analysis of relative ion signal intensities, taking account of the major ion formation channels following excitations to Rydberg states, its near-resonance interactions with ion-pair states as well as dissociations and/or photodissociations were performed. These allowed verification of the existence of all these major channels as well as quantifications of the relative weights of the channels and estimates of state interaction strengths. The proposed mechanisms were supported by ion signal power dependence studies.
I. INTRODUCTION
Since the original work by Price 1 on hydrogen halides, a wealth of spectroscopic data on HCl has been derived from absorption spectroscopy, [2] [3] [4] [5] fluorescence studies, 5 as well as resonance enhanced multiphoton ionization ͑REMPI͒ experiments. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Relatively intense single-and multiphoton absorptions in conjunction with electron excitations as well as rich band structured spectra make the molecule ideal for fundamental studies. A large number of Rydberg states, several low-lying repulsive states as well as the V͑ 1 ⌺ + ͒ ion-pair state have been identified. A number of spin-forbidden transitions have been observed, indicating that spin-orbit coupling is important in excited states of the molecule. Perturbations due to state mixing are widely seen both in absorption [3] [4] [5] and REMPI spectra. 7, 8, [10] [11] [12] 15 The perturbations appear either as line shifts 4, 7, 8, 11, 12, 15 or as intensity and/or bandwidth alterations. 4, 7, 8, [10] [11] [12] 15 Pronounced ion-pair to Rydberg state mixings are both observed experimentally 3, 4, 8, 11, 12, 15, 16 and predicted from theory. 16, 17 Interactions between the V͑ 1 ⌺ + ͒ ion-pair state and the E͑ 1 ⌺ + ͒ state are found to be particularly strong and to exhibit nontrivial rotational, vibrational, and electron spectroscopy. Perturbations due to Rydberg-Rydberg mixings have also been predicted and identified. 4, 10 Both homogeneous ͑⌬⍀ =0͒ ͑Refs. 11, 12, 16, and 17͒ and heterogeneous ͑⌬⍀ Ͼ 0͒ ͑Refs. 12, 15, and 16͒ couplings have been reported. Such quantitative data on molecule-photon interactions are of interest in understanding stratospheric photochemistry as well as being relevant to the photochemistry of planetary atmospheres and the interstellar medium. 5 Photorupture studies of HCl have revealed a large variety of photodissociation and photoionization processes. In a detailed two-photon REMPI study, Green et al. 7 reported HCl + , Cl + , and H + ion formations for excitations via large number of ⍀ = 0 Rydberg states as well as via the V 1 ⌺ + ͑⍀ =0͒ ion-pair state, whereas excitations via other Rydberg states were mostly found to yield HCl + ions. More detailed investigations of excitations via various Rydberg states and the V 1 ⌺ + ion-pair state using photofragment imaging and/or mass-resolved REMPI techniques have revealed several ionization channels depending on the nature of the resonance excited state. [18] [19] [20] [21] [22] Results are largely based on analysis of excitations via the E 1 ⌺ + Rydberg state and the V 1 ⌺ + ion-pair state, which couple strongly to produce the mixed ͑adiabatic͒ B 1 ⌺ + state with two minima. Also, analysis of excitations via the F 1 ⌬ 2 ͑vЈ =1͒ Rydberg state and the V 1 ⌺ + ͑vЈ =14͒ state has shown the characteristic effects of near-resonance interactions on photoionization channels. 22 Analysis of excitations via triplet states, however, has not revealed fragmentations or shown the effects of coupling with the ion-pair state. 7, 20 These studies reveal characteristic ionization channels that have been summarized in terms of excitations via ͑1͒ resonance noncoupled ͑diabatic͒ Rydberg state excitations and ͑2͒ resonance noncoupled ionpair excitations. 22 The major channels are as follows:
͑1͒ An ionization via a noncoupled Rydberg state is found to involve ͑i͒ one-photon ionization of the Rydberg states to form the molecular ion HCl + , followed by ͑ii͒ a second one-photon excitation to a repulsive ion state ͑͑2͒ 2 ⌸͒ and dissociation to form H + ͑see Fig. 1͒ ‫ء‬ ͑n =2͒ and Cl, followed by one-photon ionization of H ‫ء‬ ͑n =2͒ to form H + , and ͑vii͒ one-photon excitation to a bound superexcited state, which acts as a gateway state to dissociation into the ion-pair H + +Cl − . 18 More channels have been proposed 18, 20 via the "noncoupled" ion-pair state but these are believed to be of minor importance.
Thus, based on this overall ionization scheme H + formation clearly is indicative of both the ion-pair and the Rydberg state contribution, whereas the Cl + ions are characteristic indicators for the ion-pair state contribution. There are reasons to believe that the HCl + contribution to ion formation, via excitation to the V state, is rather small. 22 23 In such cases, further photoionization of the Cl͑J =1/ 2,3/ 2͒ and H fragments could also occur ͓see channel ͑viii͒ in Fig. 1͑b͔͒ . Whereas the interactions between the states involved could be of various kinds, 23 spin-orbit couplings most probably are dominant. Alternatively, dissociations via photoexcitations to inner walls of bound ͑super-͒excited Rydberg states above dissociation limits could form H + Cl ‫ء‬ and/or H ‫ء‬ +Cl ͓see channel ͑ix͒ in Fig.  1͑b͔͒ . We call channels ͑viii͒ and ͑ix͒ the "dissociation channels" hereafter.
In this paper, we use a two-dimensional ͑2D͒ REMPI approach, obtained by recording ion mass spectra as a function of the laser frequency, to study the photorupture dynamics of HCl for two-photon resonance excitations via the triplet Rydberg states f 3 ⌬ 2 ͑vЈ =0͒, f 3 ⌬ 1 ͑vЈ =0͒ and g 3 ⌺ + ͑1͒͑vЈ =0͒ and the V 1 ⌺ + ͑vЈ =8,9͒ ion-pair states. We show, for the first time, that small but significant fragmentations and H + and Cl + formations occur after resonance excitations to the triplet states. Whereas insignificant line shifts are seen, rotational quantum-level-dependent ion signal intensities due to perturbation effects are observed for all the states. Thus, relative signal intensities are found to be more sensitive measures of state interactions than line shifts. This was proved to be a useful tool in assisting with state assignment 24 and could possibly be used for indirect characterization of hidden states. A model, based on the major photorupture channels mentioned above, is created and used to simulate ion signal data for ionizations via excitations to the Rydberg states. Thus, the observations are found to be consistent with ͑a͒ near-resonance couplings between the triplet states and V 1 ⌺ + states and ͑b͒ photodissociation via the dissociation channels. The importance of the dissociation channels is found to be Rydberg state dependent. The model further allows estimates of various interaction and weight parameters relevant to the photorupture mechanism. The proposed mechanisms for resonance diabatic state excitations are supported by ion signal power dependence studies.
II. EXPERIMENTAL
2D REMPI data for jet-cooled HCl gas were recorded. Ions were directed into a time-of-flight tube and detected by a microchannel plate ͑MCP͒ detector to record the ion yield as a function of mass and laser radiation wavenumber.
The apparatus used is similar to that described elsewhere. 14, 25 Tunable excitation radiation in the 241.2-245.0 nm wavelength region was generated by excimer laserpumped dye laser systems, using a Lambda Physik COMPex 205 excimer laser and a Coherent ScanMatePro dye laser. Dye C-480 was used and frequency doubling was obtained with a Beta Barium Borate-2 ͑BBO-2͒ crystal. The repetition rate was typically 10 Hz. The bandwidth of the dye laser beam was about 0.095 cm −1 . The typical laser intensity used was 0.1-0.3 mJ/pulse. The radiation was focused into an ionization chamber between a repeller and an extractor plate. We operated the jet in conditions that limited cooling in order not to lose the transitions from the high rotational levels. Thus, an undiluted, pure HCl gas sample ͑Merck-Schuchardt OHG; purity Ͼ99.5%͒ was used. It was pumped through a 500 m pulsed nozzle from a typical total backing pressure of about 1.0-1.5 bars into the ionization chamber. The pressure in the ionization chamber was lower than 10 −6 mbar during experiments. The nozzle was kept open for about 200 s, and the laser beam was typically fired 500 s after the nozzle was opened. Ions were extracted into a time-offlight tube and focused on a MCP detector, of which the signal was fed into a LeCroy 9310A, 400 MHz storage oscilloscope, as a function of the flight time. The average signal levels were evaluated and recorded for a fixed number of laser pulses ͑typically 100 pulses͒ to obtain the mass spectra. Mass spectra were typically recorded in 0.05 or 0.1 cm −1 laser wavenumber steps to obtain 2D REMPI spectra. REMPI spectra for certain ions as a function of excitation wavenumber ͓one-dimensional ͑1D͒ REMPI͔ were obtained by integrating signal intensities for narrow time-of-flight ͑hence, mass͒ ranges covering the particular ion mass. The power dependence of the ion signal was determined by integrating the mass signals repeatedly and averaging for ϳ1000 pulses, after bypassing a different number of quartz windows to reduce power. Care was taken to prevent saturation effects as well as power broadening by minimizing laser power. La- ser calibration was performed by recording an optogalvanic spectrum, obtained from a built-in neon cell, simultaneously with the recording of the REMPI spectra. The atomic reference lines, for absolute wavelength calibration ͑5 pm accuracy͒, were provided using an optical SPOCK ͑Simulation Program for Optical Circuit Knowledge͒ function. Line positions were also compared to the strongest hydrogen chloride rotational lines reported by Green et al. 9 The accuracy of the calibration was found to be about Ϯ1.0 cm −1 on a twophoton wavenumber scale. Intensity drifts during the scan were taken into account, and spectral intensities were corrected for accordingly. 
III. RESULTS AND ANALYSIS

A. Two-dimensional REMPI and relative ion signals
Cl have been identified and assigned. In addition, several more rotational lines have been assigned to these electronic transitions ͑see also Table I͒. The major structure in Fig. 3͑b͒ is due to the resonance transition g 3 ⌺ + ͑1͒ ← ←X 1 ⌺ + . 24 Other peaks observed in this region are due to the transitions
On a relative scale, significant ion signals for all ion species are observed for the 22 Relative ͑normalized͒ ion signal intensities for the systems of concern are shown in Fig. 4 .
Weak but significant enhancement of the normalized 35 Cl + signal intensity is observed for f 3 ⌬ 2 ← ←X 1 ⌺ + , ͑0,0͒, Q line, JЈ =5 ͓see Fig. 4͑a͔͒ . This corresponds to the smallest spacing between the rotational energy levels in the f 3 ⌬ 2 ͑vЈ =0͒ and the V 1 ⌺ + ͑vЈ =8͒ states for the same JЈ =5 value ͑see 
B. State interactions versus excitation mechanisms
Assuming a level-to-level interaction scheme holds for Rydberg ͑1͒ to ion-pair ͑2͒ state interactions ͑Fig. 1͒, weight factors ͑fractions͒ for the state mixing can be expressed as follows: 
Assuming the mechanism, discussed before ͓see Fig. 1 ; channels ͑i͒-͑ix͔͒, holds, we make the following assumptions: The Cl + ion intensity observed ͑I͑Cl + ͒͒ is proportional to the fraction of HCl ‫ء‬ in the ion-pair state ͓͑2͒; c 2 2 ͔ as well as its fraction in the Rydberg state ͓͑1͒; c 1 2 ͔,
Similarly, the HCl + intensity ͑I͑HCl + ͒͒ is assumed to be proportional to the same fractions, 
There is reason to believe that the contribution to the HCl + formation ͓see Eq. ͑5͔͒ by excitation from the diabatic ionpair state is small; 22 hence, the ratio of the proportionality factor ͑␤ 2 ͒ to that for the HCl + formation from the diabatic Rydberg state, ␣ 1 ͑i.e., ␤ 2 / ␣ 1 ͒, is negligible and ␦ ϳ 1. By combining Eqs. ͑1͒, ͑2͒, and ͑6͒ and assuming ␦ = 1, the following expression is derived: 
For strong enough near-resonance interactions to show the clear shifts of the rotational peaks, hence, the clear shifts of rotational levels ⌬͑⌬E͒ and W 12 can be evaluated. 12, 15 Since the interactions here are too weak to show as line/level shifts ͑see discussion above͒, only the upper limits for ⌬͑⌬E͒ ͓i.e., ⌬͑⌬E͒ max ͔ based on variations in the line/level spacing can be estimated. From these, the upper limit values for W 12 for the near-resonance rotational levels ͑J res Ј ͒ ͑W 12 max ͑J res Ј ͒͒ and the W 12 Ј parameters ͑W 12 Ј max ͒ can be evaluated from Eqs. ͑8͒ and ͑2͒. These are listed in Table III 
, Q lines, close to constant, nonzero background values are obtained for other J's corresponding to the existence of the dissociation channels. All in all, this supports the validity of the model as described above and based on the major ionization channels for Cl + and HCl + formations shown in Fig. 1 . Whereas, negligible contribution to the Cl + ion formation is found to be from the dissociation channels for resonance excitation to f 3 ⌬ 2 ͑␥ = 0; 
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1 ⌺ + , ͑0,0͒ ͓Fig. 4͑c͔͒͒. This can be explained with reference to Fig. 5 . Figure 5 shows examples of observable ͑"allowed"͒ two-photon resonance transitions from the ground state ͑X 1 ⌺ + , JЉ = 4 used as a particular example͒ to a Rydberg state ͓f 3 ⌬ 2 ; JЈ =3͑P͒, 5͑R͒ and JЈ =2͑O͒, 4͑Q͒, 6͑S͔͒ as well as to the ion-pair state ͓V 1 ⌺ + ; JЈ =2͑O͒, 4͑Q͒, 6͑S͔͒. Parities of levels ͑states͒ are indicated as Ϯ. Observed transitions are determined by the two-photon absorption selection rules, 13, 29 + ↔ + or − ↔ − ,
Thus, the e͑AЈ͒ component of the Rydberg state is accessed by the O, Q, and S lines whereas the f͑AЉ͒ component is accessed by the P and R lines. 7 Notice that the ground and the ion-pair states consist only of e͑AЈ͒ state components. State interactions between the Rydberg state ͑f 3 ⌬ 2 ; the same holds for f 3 ⌬ 1 ͒ and the ion-pair state ͑V 1 ⌺ + ͒ are determined by the selection rules, 26 + ↔ + or − ↔ − ,
Therefore, strictly, only interactions between the e͑AЈ͒ states accessed by the O, Q, and S lines are allowed. Thus, if Cl + formation, following resonance excitation to a Rydberg state, was mainly due to interaction with the ion-pair state but was negligible due to the dissociation channels as is the case for excitation to the f 3 ⌬ 2 state ͑see above͒, one might indeed expect a large drop in the Cl + ion intensities for the P and R lines compared to that for the O, Q, and S lines. The fact that the I͑ 35 Cl + ͒ / I͑H 35 Cl + ͒ ratios for the R lines are nonzero, however, and actually peak for JЈ = 5, analogous to that found for the Q lines, suggests some violation of the parity selection rule for the state interaction. The clear drop in the ratio value for f 3 ⌬ 1 ← ←X 1 ⌺ + , ͑0,0͒, JЈ = 6 by going from the S line to the R line shows an analogous effect. However, the ratios both for JЈ = 6 and 2, R lines are larger than that observed for the dissociation channels contributions ͑JЈ =3-5͒, according to the S lines, suggesting that the relative enhancement is due to some detailed difference in that mechanism depending on whether the transfer is from the e͑AЈ͒ or the f͑AЉ͒ Rydberg states components.
C. Laser power dependence versus excitation mechanisms
Slope evaluations of log-log plots for the H + and H i Cl + ͑i = 35 and/or 37͒ ion intensities as a function of laser power, 22 derived for various rotational lines, revealed the number of photons needed to create ions 4 and 3, respectively, in the cases of resonance excitations to all systems of concern ͑f 3 ⌬ 2 , vЈ =0;
. This is what is to be expected in cases of the dominant ion product channels discussed earlier and shown in Fig. 1 , 22 which further supports the proposed mechanisms. Analogous analysis of the Cl + ion intensities reveals less consistent results with slope values ranging between 3 and 4. Thus, the slope values for log-log plots of i Cl + ͑i = 35 and/or 37͒ versus laser power for resonance excitations to the V 1 ⌺ + , vЈ = 8 and 9 states, various rotational levels, are found to be close to or slightly larger than 3, whereas the corresponding slope values for the f 3 ⌬ 1 , vЈ = 0 state are closer to 4. Judging from the ionization mechanism ͑see Fig. 1͒ , four photons or more are what might be needed to create Cl + . Analogous observations of fractional slope values have been seen before for other systems. 22, 30 This could be due to saturation effects in one or more excitation steps resulting in values lower than the nominal number of photons. Such effects would be particularly important for channel ͑viii͒, in which case large laser fluence is required to perform as many as five photon excitations to create Cl + ͓see Fig. 1͑b͔͒ . Resonance or near-resonance multiphoton excitations of Cl ‫ء‬ and/or ͑H+Cl͑J =1/ 2,3/ 2͒͒, involved, as discussed before, may complicate things still more.
IV. CONCLUSIONS
2D REMPI data for HCl, obtained by recording ion mass spectra as a function of the laser frequency, were recorded for the two-photon resonance excitation regions of 81 710-82 260 and 82 450-82 870 cm −1 . The observed spectra cover the rotational structures due to two-photon resonance transitions to the triplet excited states f 3 ⌬ 2 ͑vЈ =0͒, f 3 ⌬ 1 ͑vЈ =0͒, g 3 ⌺ + ͑1͒͑vЈ =0͒ and to the ion- pair states, V 1 ⌺ + ͑vЈ =8,9͒ among others. For the first time, small but significant Cl + and H + ion formations could be observed for the triplet states. Relative ͑normalized͒ ion signals, suitable for identifying interactions between Rydberg states and ion-pair states, 22, 24 showed that near-resonance interactions occur between all the triplet states and the V 1 ⌺ + ͑vЈ =8,9͒ states. This could not be seen or quantified by a more standard way of analyzing line shifts 12, 15, 26, 27 due to the interaction weakness, showing that the relative ion intensities are significantly more sensitive measures of perturbation effects. A model, which takes into account the major ion formation channels following excitations to Rydberg states, its near-resonance interactions with ion-pair states as well as dissociation or photodissociation processes ͑dissocia-tion channels͒, was created and used to analyze the data of the ion signals as a function of rotational quantum numbers. Qualitative comparison of the model calculations and experimental data verified the existence of the major channels. Least-square simulation analysis allowed quantifications of relative weights of the channels as well as the upper limits of state interaction strengths. The varying weight of the dissociation channels is found to be consistent with the increasing number of spin-orbit coupling states involved, favoring channel ͑viii͒ ͑Fig. 1͒. 23 Power dependence studies of the H + and H i Cl + ͑i = 35 and/or 37͒ ion intensities are found to support the major photorupture mechanisms proposed. Most probably, due to partial saturation effects in the excitation process, corresponding measurements of Cl + ion signals are not as easily interpretable, in agreement with earlier observations. 22, 30 
